Abstract-Corneal indentation is adapted for the design and development of a characterization method for corneal hysteresis behavior -Corneal Indentation Hysteresis (CIH). Fourteen porcine eyes were tested using the corneal indentation method. The CIH measured in enucleated porcine eyes showed indentation rate and intraocular pressure (IOP) dependences. The CIH increased with indentation rate at lower IOP (< 25 mmHg) and decreased with indentation rate at higher IOP (> 25 mmHg). The CIH was linear proportional to the IOP within an individual eye. The CIH was positively correlated with the IOP, corneal in-plane tensile stress and corneal tangent modulus (E). A new method based on corneal indentation for the measurement of Corneal Indentation Hysteresis in vivo is developed. To our knowledge, this is the first study to introduce the corneal indentation hysteresis and correlate the corneal indentation hysteresis and corneal tangent modulus.
I. INTRODUCTION
The corneal biomechanical properties are of great interest due to its potential clinical application, particularly in early detection of keratoconus [1] . It has also been suggested that the corneal biomechanical properties may reflect the biomechanical behavior of the globe and give an indication of the susceptibility of glaucoma developing and progression [2, 3] . Ocular Response Analyzer (ORA; Reichert Ophthalmic Instruments, Buffalo, NY, USA) is the first commercially available instrument capable to measure in vivo corneal biomechanical properties. The device uses a rapid air jet to indent the cornea. The infrared reflectance profile from ORA during the bi-directional applanation process is measured and analyzed to provide two parameters of corneal biomechanics, corneal hysteresis (CH) and corneal resistance factor (CRF). The CH and CRF provided by ORA are non-standard biomechanical terms that are different from the classical knowledge of corneal biomechanics. The CH may be produced with different combinations of elastic modulus and the viscous damping parameters [4] . The aim of this study is to design and develop a non-invasive corneal indentation method to characterize the corneal hysteresis behavior under corneal indentation.
II. MATERIALS AND METHODS

A. Corneal indentation
Conventional corneal indentation methods used in ophthalmology include Schiøtz Tonometry and Goldmann Applanation Tonometry (GAT). Schiøtz Tonometry measures a single depth produced on the corneal surface by a known weight indenter. GAT measures a single reaction load by the cornea under a predefined area of applanation. Both of the two methods measure only a single point on the corneal loaddisplacement relationship in a static manner, which is not enough to explore the entire behavior of the cornea under external applied load.
Corneal indentation method is adapted from the indentation method for characterization of corneal/scleral tangent modulus [5, 6] . Corneal indentation method for the characterization of corneal hysteresis behavior is developed based on the indentation method. The corneal indentation tangent modulus (E) at a fixed IOP are defined as [5] ,
where F is the indentation load, R is the anterior radius of curvature, t is the central corneal thickness, ν is the Poisson's ratio of the cornea (ν~0.5 since the cornea consists principally of incompressible water [7] ), a is the corneal geometry coefficient, and δ is the indentation depth (displacement). The geometry constant a is determined from µ ( 
where r o is the radius of the of the cylindrical flat-end indenter. The corresponding change of strain (ε) can be calculated using [9] ,
In the current study, it is assumed that the change of stress is only contributed by the indentation. The change in IOP during the corneal indentation is little and ranged from 1-3 mmHg [6] , hence the change in the stress contributed by IOP within the indentation period can be neglected. The corresponding change of in-plane tensile stress (σ) induced by the indentation can be calculated using [8] ,
A typical load-displacement curve obtained from the corneal indentation on porcine cornea was shown in Figure 1 . The area (shaded) bounded by the loading-and unloadingdisplacement curve is the net loading and unloading work done by the corneal indentation, respectively. The corneal (Figure 2 ). w-mounted was placed hen aligned dented to a 50 mm/min n period of ading loadnalysis. All the ethical tral corneal ± 0.11 mm, respectively. A typical load-displacement curve obtained from the corneal indentation on the porcine cornea was shown in Figure 1 . The plot showed distinct loading and unloading behavior of the cornea under indentation. The area bounded by the loading and unloading load-displacement curve were defined as the corneal indentation work done (W net ) and the corneal indentation hysteresis (CIH) can be determined using equation (9) and W net . The loaddisplacement (F-δ) curves ascertained at different indentation rates and different intraocular pressures were showed in Figure 3 (a) and (b), respectively. The measured W loading , W unloading and CIH using different indentation rates and different intraocular pressures were shown in Figure 4 . The corneal tangent modulus measured at or above 20 mm/min is elastic and reproducible [5] . The CIHs and corneal tangent moduli measured at 20 mm/min were selected for comparison. The CIH measured at 20 mm/min as a function of intraocular pressure, in-plane tensile stress and corneal tangent modulus were shown in Figure 5 .
Characterization of Corneal Indentation Hysteresis
The corneal indentation hysteresis was linear proportional to the IOP within an individual eye (n = 14, r = 0.998 ± 0.003). The CIH measured using indentation rate of 20 mm/min at 15 mmHg (n = 14) was 1.00 ± 0.48 mmHg and was positively correlated with the IOP (Figure 5a 
IV. DISCUSSIONS
In this study, we adapted corneal indentation method for characterization of corneal hysteresis behavior. The loaddisplacement showed that the cornea exhibit hysteresis behavior as shown in Figure 1 . It was shown in Figure 3 that the net work done (W net ) is indentation rate dependent. The higher the indentation rate, the larger the area bounded by the loading and unloading load-displacement curve. The rate dependent and intraocular pressure dependent corneal indentation loading work done, unloading work done and hysteresis were shown in Figure 4 . Both of the loading and unloading work done were increased with the indentation rates and intraocular pressures. The CIH increased with the indentation rate at lower IOP (< 25 mmHg) and the CIH decreased with the indentation rate at higher IOP (> 25 mmHg). The current study showed that there is a significance correlation between the corneal hysteresis behavior and elastic behavior. The proposed CIH in this study was derived from the material stress-strain behavior and is a classical term of material hysteresis behavior, unlike the CH and CRF provided by the ORA. The investigation of different combinations of corneal elastic modulus and corneal viscous damping parameters to the corneal indentation hysteresis will be included in our future works and is expected to lead to a better understanding of the corneal biomechanics and to guide future research of the corneal pathologies.
V. CONCLUSION
In this study, a corneal indentation method was adapted to characterize the corneal hysteresis behavior under corneal indentation. To our knowledge, this is the first study to characterize the corneal hysteresis behavior using corneal indentation and correlate the corneal indentation hysteresis and the corneal tangent modulus. This method provides a new non-invasive means to measure the corneal indentation hysteresis of individuals. Development of the measurement method is the first step towards the investigation of the relationship between corneal biomechanical properties and ocular diseases like glaucoma and keratoconus.
